Hexavalent chromium is a highly toxic pollutant that exists in industrial wastewater effluents. The efficient removal of Cr(VI) from these effluents before their discharging into the environment is of great importance. Biopolymer chitosan was used as an adsorbent for the removal of Cr(VI) ions from aqueous solutions. The adsorbent characterization was carried out by scanning electron microscopy (SEM) and Fourier transform infrared (FT-IR) spectroscopy. Batch adsorption experiments were conducted to evaluate the effects of different parameters, such as contact time, solution pH, adsorbent dose, initial Cr(VI) concentration and ionic strength, on Cr(VI) removal. The obtained results revealed that the adsorption equilibrium was accomplished within 60 min. The adsorption was highly dependent on the solution pH and the maximum removal of Cr(VI) occured in the pH range 2.0 -3.5. Analysis of kinetic parameters of Cr(VI) adsorption showed that pseudo-second order model described the kinetics for the investigated system. The data were fitted using two equilibrium adsorption models -Langmuir and Freundlich isotherm. The adsorption equilibrium data fit the Langmuir equation and the maximum adsorption capacity was found to be 91.4 mg g -1 . The presence of co-existing anions at higher concentrations significantly reduced the removal of Cr(VI) by chitosan. According to the presented results, it can be concluded that biopolymer chitosan has a great potential for application in the treatment of chromium contaminated wastewaters.
INVESTIGATION OF ADSORPTION PERFORMANCE OF CHITOSAN FOR THE REMOVAL OF HEXAVALENT CHROMIUM FROM AQUEOUS SOLUTIONS* Introduction
In recent years, the pollution of water resources with toxic materials, such as heavy metals, aromatic molecules and dyes, has become one of the major environmental problems in the world [1] . Hexavalent chromium, Cr(VI), is a highly toxic heavy metal often present in the wastewaters of electroplating, leather tanning, cement, mining and fertilizer industries. It has high toxicity potential to cause carcinogenesis and mutation in all living organisms including human and animals [2] . According to the World Health Organization (WHO), the maximum permissible levels of Cr(VI) in potable water, inland surface water and industrial wastewater are 0.05, 0.1 and 0.25 mg/L, respectively [3] . Therefore, the efficient removal of Cr(VI) from industrial wastewater effluents before discharging into the environment is of great importance in order to bring its levels down to the permissible effluent standards [4] .
Several physico-chemical treatment methods including electrochemical precipitation, oxidation-reduction, adsorption, coagulation, ion exchange and reverse osmosis have been developed and used to remove high concentration of Cr(VI) from water/wastewater [5] [6] [7] [8] [9] [10] . Among these treatment methods, adsorption has been recognized as one of the most suitable and efficient method due to its great advantages, such as easy operation, high adsorption efficiency and low cost. Several adsorbents, like zeolites [11] , carbon-based materials [12] [13] [14] , activated alumina [15] etc., have been used for the removal of Cr(VI) from aqueous solutions. Recently, considerable attention for the removal of heavy metal ions from aqueous solutions has been paid to natural biosorbents such as chitosan. Biosorbents have high efficiency, selectivity and natural affinity to metal ions. The mechanisms of removal can be described as ion exchange, electrostatic force and precipitation. Additionally, biosorbents are widely used due to their natural availability in the environment and low costs [16] .
Chitosan, obtained by deacetylation of chitin, is a type of natural polyaminosaccharide. After cellulose, it is the most abundant polysaccharide on the earth. Due to the presence of amine (-NH 2 ) and hydroxyl (-OH) surface functional groups, which can serve as active sites, chitosan currently represents an attractive biosorbent for heavy metals removal. In the near neutral solutions chitosan is well known as an excellent biosorbent for metal cations removal, while in the acidic media the protonation of amine groups leads to the adsorption of anions by ion exchange because of its cationic behavior. Chitosan is inexpensive, non-toxic, hydrophilic, biodegradable, biocompatible material and hence represents one of the promising renewable polymeric materials for the application in wastewater treatment [17] [18] [19] .
The purpose of the present study was to evaluate the feasibility of biopolymer chitosan as an adsorbent for the removal of Cr(VI) ions from aqueous solutions in a batch operating mode. In order to gain insight into the surface morphological properties and the possible mechanisms of the adsorption process chitosan was characterized by scanning electron microscopy (SEM) and Fourier transform infrared (FT-IR) spectroscopy. Batch adsorption experiments were conducted to determine the optimum conditions for maximum removal of Cr(VI) from the aqueous solutions. Thus, the effects of various operating conditions, such as contact time, solution pH, initial Cr(VI) concentration, amount of adsorbent, co-existing ions and solution ionic strength were investigated. In addition, the parameters of kinetics and isotherms for Cr(VI) adsorption onto chitosan were determined.
Experimental

Adsorbent characterization
Biopolymer chitosan (molecular weight of 100 -300 kDa) was purchased from Acros Organics (Belgium) and used without any modification. The morphological characteristics of chitosan were obtained by SEM microscope VEGA TS 5130 MM (Tescan, Czech Republic) equipped with the INCA PentaFET-x3EDS detector (Oxford Instruments, UK). The surface functional groups of chitosan were detected using FT-IR spectroscopy in the 4000 -400 cm -1 range using the Spectrum Two FT-IR Spectrometer (PerkinElmer Inc., USA). The samples were analyzed using the diffuse reflectance infrared Fourier transform (DRIFT) technique.
Chemicals
Potasium dichromate, K 2 Cr 2 O 7 , was used as a source of Cr(VI) ions and it was purchased from Sigma Aldrich (USA). The stock standard solution of Cr(VI) (1000 mg dm -3 ) was prepared by dissolving an appropriate amount of K 2 Cr 2 O 7 in deionized water. Working solutions of the desired concentrations were prepared before each experiment by appropriate dilution of the stock solution with deionized water. The initial pH was adjusted using either 0.1 mol dm -3 H 2 SO 4 or 0.1 mol dm -3 NaOH. All of the other chemicals used in the study were of analytical reagent grade. Deionized water was supplied from a Milli-Q water purification system (Simplicity® Water Purification System, Millipore Corporation, USA).
Adsorption study Adsorption performance of chitosan for the removal of Cr(VI) ions from aqueous solutions was evaluated through batch experiments conducted at room temperature. Generally, the experiments were performed by mixing 50 mg of chitosan and 25 cm 3 of 10 mg dm -3 Cr(VI) solution at pH 2.5 in closed glass bottles. The mixtures were shaken in a laboratory shaker (Promax 2020, Germany) at 150 rpm over a period of 60 min. Then, the mixtures were filtered through a 0.45 μm membrane filter for Cr(VI) concentration analysis. The initial and residual concentrations of Cr(VI) ions in each aliquot were determined by a 797 VA Computrace polarography system (Metrohm, Switzerland) using the Metrohm's procedure for the voltammetric determination of Cr(VI) ions in water samples (No. 116/3 e). To establish the optimal operating conditions for the efficient removal of Cr(VI) ions from aqueous solutions, the effects of different experimental parameters, such as contact time (0 -240 min), solution pH (2.0 -8.0), initial Cr(VI) concentration (10 -400 mg dm -3 ), the amount of adsorbent (0.5 -4 g dm -3 ), co-existing ions (NO 3 -, SO 4
2-
) and solution ionic strength, were investigated with respect to the Cr(VI) ions removal efficiency. All experiments were carried out in duplicate and the data obtained were used for analysis.
Calculations
The amount of Cr(VI) adsorbed per unit mass of adsorbent (adsorption capacity), qe (mg g -1 ), and Cr(VI) removal efficiency, E (%), were evaluated using the equations: where Ci and Ce are the initial and equilibrium Cr(VI) concentrations (mg dm -3 ), V is the solution volume (dm 3 ), and m is the adsorbent mass (g).
The kinetics of Cr(VI) adsorption onto chitosan was analyzed using the pseudo-first order (Eq. 3) and pseudosecond order (Eq. 4) kinetic models given by the equations: where qe and qt are the amounts of Cr(VI) adsorbed per unit mass of chitosan at equilibrium and at time t respectively, k1 (min -1 ) is the adsorption rate constant for the pseudo-first order kinetic model and k2 (g mg -1 min -1 ) is 8(2) (2019) 58-65 the adsorption rate constant for the pseudo-second order kinetic model. The corresponding parameters of the pseudo-first and pseudo-second order kinetic models were determined by fitting the experimental data with non-linear equations (3) and (4). Mathcad software version 14.0 was used for curve fitting and data analysis.
The experimental equilibrium data were analyzed by the two most commonly used isotherm models, the Langmuir (Eq. 5) and Freundlich (Eq. In these equations, qm (mg g -1 ) is the maximum adsorption capacity that is required to cover the adsorbent surface completely as a monolayer, KL (dm 3 mg -1 ) is the Langmuir constant of adsorption related to the adsorption energy, KF (mg g -1 )/(mg dm -3 ) 1/n is the constant of Freundlich model related to the adsorption capacity and n is the degree of heterogeneity of the adsorbent's surface. The parameters of the Langmuir, qm and KL, and Freundlich isotherms, n and KF, were evaluated by fitting the equilibrium experimental data through the non-linear model of corresponding isotherms using the software Mathcad version 14.0.
Results and discussion
Adsorbent characterization SEM micrographs presented in Fig. 1 show that chitosan particles have irregular shape and particle size ranging from 50 to 200 μm. The particles have a flake-like morphology with a rough surface. The presence of pores and a small number of cracks on the surface were also noticed. FT-IR spectra of chitosan before and after the adsorption of Cr(VI) ions are given in Fig. 2 . The presence of broad peak in the range of 3700 cm −1 to 2300 cm −1 correspond to the overlapped stretching vibrations of: -OH and -NH at 3450 cm -1 , and -CH stretching in -CH and -CH 2 at 2890 and 2900 cm -1 [20, 21] . The increase in width of the bands at 2890 and 2900 cm -1 can be observed in FT-IR spectrum of chitosan saturated with Cr(VI) ions which corresponds to -CH stretching vibration [22] . In addition, the spectrum of chitosan after Cr(VI) adsorption indicated shifts of carbonyl, C=O, band (1665 to 1680 cm -1 ) and the amine, NH 2 , band (from 1588 to 1582 cm -1 ) [23] . Furthermore, a protonated amine group NH 3 + appeared as a new peak at 1530 cm −1 , which was favorable for anion adsorption [18, 23] . A tensile strain induced upon adsorption-induced restructuring of chitosan also indicated a slight shift to smaller wavenumbers of the bands at 1420 and 1370 cm -1 that corresponded to CH 3 N-acetyl glucosamine and -CH 2 groups, respectively [24] . The bands at 1155, 1080 and 1035 cm −1 that originated from asymmetric and symmetric C-O-C stretching vibrations in the oxygen bridge of chitosan molecule remained intact after the sorption [21] . According to the obtained results, it can be assumed that electrostatic interaction of Cr(VI) ions with the sorbent plays the crucial role in the mechanism of sorption. 
Adsorption study
The effect of contact time The effect of contact time on the adsorption of Cr(VI) ions onto chitosan was studied by varying the contact time from 0 to 240 min, while keeping the concentration of Cr(VI) ions (10 mg dm -3 ), adsorbent dose (2 g dm -3 ) and pH 2.5 constant. The obtained results are shown in Fig. 3 . It is evident that adsorption occurred much faster at the beginning and slowed down gradually over time until reaching equilibrium due to the effects of the availability of the activated sites and the strength of the driving force. Obviously, the removal efficiency of Cr(VI) exceeded 86% of its value at equilibrium after 5 min of adsorption. The adsorption process equilibrium was attained after 60 min of contact and the maximum removal efficiency of Cr(VI) and the amount adsorbed per unit mass reached 98% and 4.1 mg g -1 , respectively. After that, the influence of contact time on the Cr(VI) adsorption was not observed and the removal efficiency and the amount of Cr(VI) adsorbed 8(2) (2019) 58-65 remained unchanged over the studied time period. In order to ensure the equilibrium, the adsorption time of 60 min was used in further experiments. The experimental data on the effect of contact time were fitted by the non-linear forms of the pseudo-first order and the pseudo-second order kinetic models (Eqs. 3 and 4) in order to analyze the kinetics of the adsorption process of Cr(VI) ions onto chitosan. The conformity between experimental data and the model predicted values was expressed by the determination coefficients, R 2 (R 2 values close or equal to 1). A relatively high R 2 value indicated that the model successfully described the kinetics of Cr(VI) adsorption.
The obtained results ( Fig. 3) suggested that adsorption of Cr(VI) ions onto chitosan followed pseudo-second order adsorption kinetic model with a high determination coefficient (R 2 > 0.98). The rate constant of adsorption was found to be 1.2 g mg -1 min -1 . Furthermore, the calculated qe value derived from the pseudo-second order kinetic model (4.0 mg g -1 ) was in close agreement with the experimental qe value (4.1 mg g -1 ), which also suggested that the adsorption data were well represented by the pseudo-second order kinetic model.
The effect of pH
The pH of aqueous solutions is one of the most important controlling parameters in the adsorption process because it affects the adsorbent surface properties and ionic forms of metal ions in the solution. In order to investigate the effect of pH on the adsorption behavior of Cr(VI) onto chitosan, batch adsorption experiments were conducted at different pH values (2.0 -8.0) with an initial Cr(VI) concentration of 10 mg dm -3 and the adsorbent dose of 2 g dm -3 . As can be seen in Fig. 4 , the removal efficiency of Cr(VI) by chitosan is highly dependent on the pH of the solution. Maximum removal efficiency of Cr(VI) occurred in the pH range from 2.0 to 3.5, while with the increase in pH from 3.5 to 7.0 removal efficiency heavily decreased and no significant adsorption could be observed beyond pH 7.0. At higher pH values, the overall surface charge of chitosan became negative, which led to generation of repulsive forces between chitosan surface and Cr(VI) ions and consequently, the adsorption of Cr(VI) by chitosan decreased [18, 25] . Therefore, pH of the initial Cr(VI) solution 2.5 was recognized as the optimal value and was used for all of the subsequent experiments.
The effect of adsorbent dose The adsorption process of Cr(VI) was greatly influenced by the amount of adsorbent used in the fixed volume of the solution. The effect of the adsorbent dose was studied by varying the amount of chitosan from 0.5 to 4 g dm -3 while keeping initial Cr(VI) concentration fixed at 10 mg dm -3 (pH 2.5). As can be seen in Fig. 5 , the removal efficiency of Cr(VI) increased with the increase in adsorbent dose. The reason for such adsorption behavior can be attributed to the increased amount of adsorbent and, hence, the increased number of available adsorption sites. The removal efficiency of Cr(VI) reached a maximum at the chitosan concentration of 2 g dm -3 and remained constant with further increase in adsorbent dose. The decrease in the amount of Cr(VI) adsorbed per unit 8(2) (2019) 58-65 mass of chitosan was mainly due to the sites remaining unsaturated during the adsorption process. The effect of the initial Cr(VI) concentration The experiments on the effect of the initial Cr(VI) concentration, Ci, on the adsorption behavior of chitosan were performed by varying the initial Cr(VI) concentration from 10 to 400 mg dm -3 at pH 2.5, while keeping all other parameters constant. The obtained results are presented in Fig. 6 . As expected, the removal efficiency of Cr(VI) decreased from 98% to 52% with increasing initial Cr(VI) concentration in aqueous solution. The decrease in removal efficiency could be explained by the fact that the adsorbent had a limited number of available adsorption sites, which became saturated above a certain concentration [18] . However, the equilibrium amount of Cr(VI) adsorbed per unit mass of chitosan, qe, increased from 4.1 mg g -1 to a maximum of 87.2 mg g -1 by increasing the initial Cr(VI) concentration. This can be explained by the increase in the driving force of Cr(VI) ions toward the active sites on the adsorbent. Adsorption equilibrium, described by an isotherm equation whose parameters express the surface properties and affinity of the adsorbent, provide fundamental physicochemical data for evaluating the applicability of an adsorption process as a unit operation [26] . The equilibrium adsorption data presented in Fig. 7 were fitted using non-linear Langmuir (Eq. 5) and Freundlich (Eq. 6) isotherm models in order to determine the surface properties and the affinity of the adsorbent. The corresponding Langmuir and Freundlich parameters and coefficients of determination are reported in Table 1 . The obtained results showed that the Langmuir plot has higher coefficient of determination than the Freundlich, indicating the monolayer adsorption of Cr(VI) ions onto the surface of chitosan. Langmuir monolayer adsorption capacitiy, qm, was estimated to be 91.4 mg g -1 . The effect of co-existing anions and solution ionic strength Various kinds of ions, including chloride, nitrate, sulphate, bicarbonate, magnesium and zinc ions, are found in industrial wastewater. The adsorption of Cr(VI) ions onto chitosan was investigated in the presence of coanions (NO 3 and SO 4 2-) at different ionic strengths ranging from 10 -1 to 10 -4 mol dm -3 , while the initial Cr(VI) concentration was kept at 10 mg dm -3 . The results are given in Fig. 8 .
As can be seen from the obtained results, the presence of co-anions and the ionic strength of the solution affected the removal efficiency of Cr(VI) ions. Obviously, at lower anion concentrations, up to 10 -2 mol dm -3 , there was little or no change in the removal efficiency of Cr(VI) ions, while further increase in the co-anion concentration resulted in the decrease of removal efficiency. In addition, the effect of ionic strength was more pronounced in the case of SO 4 2ions compared to NO 3 ions and the removal efficiency of Cr(VI) decreased significantly to less than 20% when the ionic strength of SO 4 2increased to 10 -1 mol dm -3 . These results clearly showed that there was competition for the adsorption sites on the adsorbent surface among the Cr(VI) ions and co-existing anions and this competition caused a less efficient Cr(VI) adsorption by chitosan. 
Comparison of Cr(VI) adsorption capacity of different adsorbents
The value of qm has been widely used to compare the efficiency of an adsorbent. The maximum adsorption capacity of Cr(VI) onto chitosan was compared with other adsorbents reported in literature and is shown in Table 2 . Comparing the qm values of different adsorbents, it can be concluded that biopolymer chitosan could be regarded as an effective adsorbent for the removal of Cr(VI) ions from wastewater/water solutions.
Conclusion
Biopolymer chitosan is an efficient adsorbent for the removal of toxic Cr(VI) ions from aqueous solutions. FT-IR results showed that protonated amino groups were favorable for Cr(VI) adsorption and that electrostatic attraction was the main driving force for Cr(VI) adsorption onto chitosan. Removal of Cr(VI) ions by chitosan was found to be dependent on pH of the solution and showed maximum removal of Cr(VI) ions at pH values between 2.0 and 3.5. The analysis of kinetic parameters of Cr(VI) adsorption showed that pseudo-second order model properly described the kinetics for the investigated system. The equilibrium adsorption data fit well the Langmuir isotherm model and the maximum monolayer adsorption capacity was 91.4 mg g -1 . The study shows that the investigated biosorbent has the potential for the application in the treatment of chromium contaminated waters. The use of chitosan based ecological polymeric materials could potentially contribute to environment-friendly treatment of Cr(VI) contaminated waters.
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